A tmospheric-pressure nonthermal plasmas (APNPs) have received significant attention for their versatile applications to materials processing, nanotechnology, and biomedicine. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] In particular, biomedical applications such as sterilization, apoptosis of cancer cells, and wound disinfection have become hot research topics for APNPs, which can generate plasmas in open air. [12] [13] [14] [15] [16] [17] With the introduction of a small amount of oxygen, a plasma jet generates reactive oxygen species (ROS) such as metastable oxygen molecules ( 1 O 2 ), atomic oxygen O ( 3 P), and ozone that are effective in bacterial inactivation. Previous results have shown that atomic oxygen may be the key species in the inactivation. [18] [19] [20] [21] [22] As shown in our earlier experimental study, 14) it is suggested that the oxygen radicals can lead to bacterial deformation, but there is no direct evidence showing that the deformation is caused by oxidation by oxygen radicals; thus, the underlying mechanism is still unclarified. In addition, ozone is produced inevitably by a plasma jet and its bactericidal effect is well known and has been utilized in water disinfection. 23, 24) However, it has been shown that ozone only plays a minor role in the inactivation [25] [26] [27] [28] and the contributions of oxygen radicals and ozone (ROS) in the APNPs are still unclarified.
To clarify the inactivation effects of ROS such as oxygen radicals and ozone, a mixed Ar/O 2 plasma jet with a single electrode is used to inactivate Bacillus subtilis spores, which are typically used as a model microorganism in inactivation experiments. The basic physical parameters of the plasma jet with different oxygen concentrations are studied. The changes in ozone and oxygen radicals in the plasma jet are investigated by ultraviolet absorption and optical emission spectroscopy (OES), respectively, and the bactericidal effects induced by ozone at different oxygen concentrations are evaluated. Oxygen radicals generated by the Ar/O 2 plasma jet interact with the cell membrane, resulting in the oxidation of membrane lipids. Therefore, the malondialdehyde (MDA) assay is used to study the oxidation of microorganisms by oxygen radicals in this study and the morphological change of the spores after the plasma treatment is examined by Scanning electron microscopy (SEM).
The schematic of the atmospheric-pressure plasma jet with a single electrode is depicted in Fig. 1 , and the detailed description of this plasma generator is reported in our previous study. 14) A mixture consisting of Ar and different amounts of oxygen was used to generate the plasma. The Ar flow rate was fixed at 12.5 l/min and the oxygen concentrations were 2.9, 5.8, and 8.7%. An AC power supply with frequencies between 10 and 42 kHz and variable output voltages from 0 to 50 kV (peak to peak) was used.
A suspension containing 5.8 © 10 6 B. subtilis spores was deposited on a polytetrafluoroethylene (PTFE) sheet 6 mm in diameter and dried for over 12 h. The spore-containing samples were fixed at a distance of 1 cm from the plasma jet nozzle, and thus they could be covered by the plasma jet completely. The duration of the treatment was varied from 0 to 300 s. After the plasma treatment, each sample was put in 5 ml of sterilized distilled water and the spores were removed from the PTEF sheet using a vortex stirrer and an ultrasonic generator. After serial dilutions, 100 µl of each sample was spread onto an agar plate, and after incubation at 37°C for 24 h, the viable colonies were counted. To improve the statistics, three independent experiments were performed under the same conditions and the obtained results represented the averages.
The voltage and current waveforms were monitored using a high-voltage probe (Tektronix P6015A) and a Rogowsky coil via a digital oscilloscope (Tektronix MSO 5104). The optical emission spectra were collected using the AvaSpec-2048-8-RM spectrometer with a grating of 2400 grooves/ mm and an optical fiber located at a distance of 1 cm from the nozzle of the plasma jet. Oxygen is an electronegative element, and to obtain a stable and uniform discharge in the Ar and Ar/O 2 plasma jets, the discharge voltage is increased by adding oxygen. The change in the Ar/O 2 plasma jet can be observed visually. The length of the jet decreases from 31 to 15 mm when the oxygen concentration increases from 0 to 8.7%. The Ar/O 2 plasma jet formed in ambient air covers the spore-containing samples completely at a downstream distance of 1 cm from the nozzle. Figure 2 shows the current-voltage characteristics of the plasma jet. The discharge occurs periodically at a frequency of about 38 kHz, and the input voltage is about 40 kV for 8.7% oxygen. The Ar/O 2 plasma has a larger peak current and a smaller discharge current pulse width. The discharge power varies from 70 to 89.4 W. The gas temperature of the plasma jet is an important parameter. As shown in Fig. 3 , the gas temperature of the Ar plasma jet 1 cm from the nozzle is about 313 K (40°C) determined using a thermometer and increases to 343-363 K (70-90°C) when a small amount of oxygen is injected. The gas temperature increases because the discharge power increases with oxygen concentration.
Ozone is produced inevitably when oxygen is injected into the plasma jet. The generation mechanism of ozone is as follows:
The ozone concentration in the Ar/O 2 plasma jet is calculated using Beer's law according to ultraviolet absorption results.
29)
The ozone concentrations for different oxygen concentrations measured 1 cm downstream of the jet exit are listed in Table I and increase with oxygen injection. Optical emission spectroscopy is employed to observe the excited species generated by the Ar 3 S) increase markedly. Atomic oxygen is generated by collision processes between electrons and oxygen molecules, for example, electron impact excitation and dissociation. It is generally considered that atomic oxygen is effective in microbial inactivation.
The survival curves may have a single exponent decay, while many others exhibit a multiexponential decay. The kinetics of plasma inactivation depends on the type and state of the bacteria as well as the working conditions of electrical discharge. 30) Figure 4 shows the survival curve of the B. subtilis spores as a function of the Ar and Ar/O 2 plasma treatment times for different oxygen concentrations, and the number of survivors decays with no single exponent. After exposure for 5 min to the Ar plasma, the viable colonies declines by less than two orders of magnitude and the decimal reduction value (D value) is about 40 s. When oxygen is introduced, the gas temperature increases markedly and ROS are generated simultaneously. The antimicrobial effect of the Ar/O 2 plasma treatment is improved as a result of the synergistic action of the various inactivation agents including ROS, temperature, charged particles, as well as ultraviolet light. In our previous study, 14) the high temperature (100°C) and ultraviolet light generated by the plasma jet only killed less than 20% of the spores after 5 min; thus, the temperature is inferred to be a minor contributor to plasma inactivation. The D value decreases from 40 s (Ar plasma) to about 10 s Fig. 4 , when the oxygen concentration is small, a slight decrease in the number of viable cells is observed as the treatment time is increased. This observation can be attributed to the factors described below. Firstly, the smaller concentration of ROS generated by the Ar/O 2 plasma limits the inactivation efficiency at a low oxygen concentration. Secondly, the spores have a higher resistance to the bactericidal action of various chemical and physical factors. Thirdly, the observation may be due to "shadowing" effects by the spores protecting the underlying layers. A similar result was reported by Heise et al. 31) Hence, the ROS generated by the Ar/O 2 plasma jet significantly improves the inactivation efficacy, and the efficacies of the various ROS species such as O 3 and oxygen radicals are discussed in the following section.
Ozone is produced inevitably when oxygen is injected into the plasma jet. Ozone has a strong oxidizing capability and its inactivation efficacy depends largely on the discharge type and parameters. To determine the inactivation effects of ozone, ozone is introduced to the samples through a 10 cm glass tube. Owing to the recombination of charged particles and the short lifetime of oxygen radicals, the particles and radicals cannot reach and contact the samples directly. 32, 33) Ozone can spread to the sample surface and have an effect on B. subtilis. About 3 log reduction in the spores is observed after exposure for 5 min to the highest ozone concentration (8.7% O 2 ), indicating that ozone is one of the important inactivation agents in the Ar/O 2 plasma jet.
The relative difference in oxygen radical density can be measured by optical emission actinometry using the emission intensity ratio of the oxygen line (844.6 nm) to the argon line (750.4 nm). 34, 35) As reported previously, 36, 37) although this method cannot quantitatively measure the density of oxygen radicals in the Ar/O 2 plasma, it can be used to identify the relative difference in oxygen radical density. The intensity ratio of O to Ar increases with oxygen concentrations, suggesting that the oxygen radical density increases. Oxygen radicals can react with polyunsaturated fatty acids (PUFA) in the bacterial cell membrane and induce lipid peroxidation. MDA is the marker and one of the end products of lipid peroxidation. MDA can destroy the structural and functional properties of the cell membrane, leading to loss of liquidity of the cell membrane. Hence, MDA production reflects the destruction of the cell structure by oxygen radicals 15) and the density of oxygen radicals generated by the plasma reacting with the bacterial cells. Figure 5 shows the relationship between MDA production and exposure time to the Ar and Ar/O 2 (5.8% O 2 ) plasma jets. Compared with that in the Ar plasma jet, the MDA concentration in the Ar/O 2 (5.8% O 2 ) plasma jet increases markedly with exposure time. This is due to the increase in the density of oxygen radicals and the higher probability of the lipid oxidation reaction with cells. The MDA test shows that oxygen radicals participate in bacterial inactivation. Figure 6 illustrates the morphological changes of the spores before and after plasma treatment. The spore shape changes from being elliptical to dumbbell-like after exposure to the Ar/O 2 plasma jet. Besides providing charged particles, the Ar/O 2 plasma jet has a higher temperature and higher ozone and oxygen radical densities. In our previous report, 14) the results indicate that the charged particles, high temperature (100°C), and ozone generated by the Ar/O 2 plasma do not affect the spore shape. The MDA concentration shows that the oxygen radicals can initiate lipid peroxidation and destroy the structural and functional properties of cells. Therefore, the oxygen radicals may significantly affect the morphology. In fact, it has been shown that the shape change is induced by oxygen radicals in low-pressure plasmas. 38, 39) The deformation effects of oxygen radicals are examined by SEM. The spore size is measured and averaged. As shown in Fig. 6(c) , the length and width of the spores decrease monotonically with exposure for oxygen concentrations of 2.9, 5.8, and 8.7%, and decrease with oxygen concentration for the same exposure. Hence, the spore size depends on the density of oxygen radicals and the reason for this may be chemical etching by the oxygen radicals.
The effects of reactive oxygen species (ROS) generated by the Ar and Ar/O 2 plasma jets on bacterial inactivation are investigated using B. subtilis spores as the model microorganism. The inactivation efficacy is significantly improved by injecting a small amount of oxygen into the plasma jet and the B. subtilis spores are sterilized by the Ar/O 2 plasma jet after exposure for 2 min at an oxygen concentration of 8.7%. The ozone concentration in the Ar/O 2 plasma jet is about 10 16 cm ¹3 calculated using Beer's law based on ultraviolet absorption data, and ozone leads to a decrease of 3 orders of magnitude. According to the relative intensities of atomic oxygen O (844.6 nm) and Ar (750.4 nm), the oxygen radical density increases with oxygen concentration. The MDA test shows that oxygen radicals participate contribute to bacterial inactivation and SEM reveals changes in spore shape due to etching. 
